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Deep Eutectic Solvents (DESs) are a class of environment friendly and cheap solvents that are effectively
employed in many different fields; nevertheless, a thorough elucidation of their structure is still lacking
and the unambiguous categorization of a mixture as a DES is challenging. Throughout this paper, we
develop a procedure based on computational tools (supported by experimental data) that could help
in making a priori predictions of DESs formation. After validating the approach with X-ray scattering data,
a series of aromatic molecules (as Hydrogen Bond Donor, HBD) was investigated to corroborate the
method that could be potentially extended to other DESs. The computational findings evidenced a
remarkable and unprecedented predictive power. Furthermore, as a bridge between computed and
experimental data, a linear correlation between the calculated chloride-HBD coordination number and
the decrease of the freezing temperature of the mixtures is found, being 0.7 a threshold value to obtain
a liquid eutectic mixture at room temperature as further validated by experimental Raman spectra. This
approach has been preliminary tested also with DESs based on alternative HBDs (i.e., aliphatic alcohols,

amines, and carboxylic acids), confirming the flexibility and the generality of the method.

1. Introduction

Deep Eutectic Solvents (DESs) are molecular systems character-
ized by a remarkably lower melting point if compared with their
pristine components [1,2]. They have attracted increasing atten-
tion since their first description by Abbott et al. [3], because of their
many valuable properties, such as the extreme chemical tunability
and the low vapour pressure and flammability if compared to tra-
ditional organic solvents [4], making them somewhat similar to
ionic liquids (ILs) [5]. The two latter features enable more accessi-
ble storage and employment making them a “greener” alternative
to both organic solvents and ILs, even more, when referring to the
sub-category of Natural DES (NaDES), for which the biocompatibil-
ity of all the mixture components is emphasized [6,7]. Moreover,
DESs do not require an inert atmosphere for preparation and are
considered not poisonous [8] (even though their absolute low tox-

icity has been debated [9]). The main application of DESs is, cur-
rently, in the fields of metal processing, [10] biomass pre-
treatment, [11] and biodiesel purification, [12] but very promising
and environmentally meaningful applications concern CO, capture
[13,14] as well as the development of next-generation batteries
[15].

The general formula of these compounds is X*Y" nHBD, where
X*Y" is an organic or inorganic salt and HBD stands for Hydrogen
Bond Donor (i.e., a Bransted or Lewis acid). Recently, some other
classes of DESs have been proposed avoiding the employment of
salts and environmentally harmful metal ions and using multiple
HBDs with different donor abilities [16]. In these approaches, lig-
uid systems have been obtained but the molecular interactions rul-
ing the formation of the systems have not been thoroughly
investigated.

Since Abbott’s pioneering paper, [3] one of the most widespread
organic salts used is choline chloride (ChCl), that has the advantage
of being very cheap (and it can even be extracted from biomass),
non-toxic and biodegradable [17]. Moreover, its eutectic mixtures
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can usually be prepared by straightforward mixing, avoiding any
purification and waste disposal procedure. When screening the lit-
erature on DESs, one could note that plenty of different systems
has been proposed, but their physical-chemical characterization
is scarce or even absent, as most of the papers are focused on the
final application.

Nevertheless, the determination of which systems could be con-
sidered a DES or not is still debated [2]. As a rule of thumb, forming
a liquid mixture starting from two solid precursors could be con-
sidered a positive hint toward the formation of a eutectic system,
but it might not be enough to prove its deepness. Moreover, when
a liquid component is selected, discriminating between a DES or a
“simple” salt-in-solvent mixture is quite challenging. Similar
issues could arise from the presence of water in the DES mixture
[18]. In the latter cases, the determination of actual DES formation
is made a posteriori through spectroscopic, structural and electro-
chemical approaches [19-22]. Thus, although a “trial-and-error”
approach could be valuable in some cases, the a priori determina-
tion of the DES formation from the mere knowledge of the starting
components is of strategic importance and theoretical modelling is
a fundamental tool. The number of computational studies on DESs
is still limited, and this is quite unexpected, being their description
usually less problematic compared to ILs [20,23,24]. Actually,
when DESs are investigated with classical Molecular Dynamics
(MD) simulations, a very good agreement with experimental data
is obtained even without the use of the computationally expensive
many-body force fields, likely because of the reduced overall
charges on the fragments and the consequent decrease of the
“computational viscosity” [25]. Nonetheless, great attention must
be paid to the careful determination of the atomic charges [26].
Generic force fields such as the Generalized Amber Force Field
(GAFF) [27], the Merck Molecular Force Field (MMFF) [28] and
CHAMM Force Field [29] have been almost uniquely employed in
these studies, even though the development of a dedicated one
has been undertaken by Ullah et al. [30].

In the current study, we performed a screening of nine different
mixtures composed of ChCl and phenol-derived molecules as HBDs
(Fig. 1). Albeit some experimental studies on a limited set of phe-
nols have already been performed [31,32], these papers are focused
on the properties of the mixtures rather than on their structural
elucidation. The selected series of phenols allows us to investigate
the effect of the presence of multiple alcoholic moieties and if the
insertion of an apolar substituent (i.e., a methyl group) could
impact the properties of the resulting mixture. The computational
study includes classical MD simulations in order to assess the
extent of DES formation for each mixture and, for their analysis,
we decided to employ tools like Radial Distribution Function
(RDF) calculations that do not require lengthy and computationally
expensive simulations, such as those needed, for example, for the
estimation of free energies of mixing [33]. The basis for these sim-
ulations is provided by the satisfactory agreement between theo-
retically predicted and experimentally measured structure factors.

The remarkable correlation found between computational and
experimental evidence allows us to select some features to be
exploited in the a priori prediction of DESs formation.

2. Result and discussion
2.1. Chemical characterization of Mixtures.

As a starting point of the analyses, we attempted the actual for-
mulation of all the mixtures of the nine phenols (HBD) with the
ChCl (HBA). Among the selected systems, the ones named 1-OH
and 1-OH-2-M have particular importance because their formation
has been already experimentally confirmed [31]. In both cases, an
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Fig. 1. Choline Chloride (as Hydrogen Bond Acceptor. HBA) and Phenol-derived
Hydrogen Bond Donors investigated throughout this work.

HBD:HBA ratio equal to 3:1 was proposed. We decided to keep this
value constant to reduce the number of variables to be considered
in the comparative analyses. As expected, a unique behaviour was
not found: some mixtures became a homogeneous liquid by simple
mixing at room temperature, RT (i.e., 298 K), some others needed a
heating step (at 358 K) to speed up the kinetics of the process. A
third set of mixtures did not (or just partially did) form a homoge-
nous phase, accounting for a not optimal HBD:ChCl ratio. We are
aware that the imposed ratio could not allow the formation of a
DES or could lead to a not homogeneous mixture (these two sce-
narios could be expected when the total number of hydroxyl moi-
eties of the HBD is increased), but the synthesis of new eutectic
mixtures is out of the scope of the present paper.

The only DESs formed entirely at RT after simple mixing of the
precursors are 1-OH and 1-OH-2-M; on the other hand, 1,2-OH,
1,3-0OH and 1,2,3-OH formed after gentle heating and remained
liquid also when cooled down to room temperature. 1,3,5-OH
was not liquid (at least at T < 358 K) whereas the other mixtures
became liquid after heating but (partially) solidified at room tem-
perature, accounting for a “less deep” eutectic mixture or a not
optimal stoichiometric ratio. Chemical composition of the mix-
tures have been elucidated by 'H NMR spectroscopy (Figure S1
and Table S1).

Once we proved that the investigated liquid mixtures had a
fixed composition, even though a unique HBD:ChCl ratio could
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not be found, (i) their eutectic behaviour and (ii) the “deepness” of
their melting point (Ty,) had to be assessed to establish whether
they could be categorized as DESs or not. An “eutectic” mixture
is characterized by a unique and well-defined melting tempera-
ture, which is, in turn, the lowest possible value. Ty, values are
summarized in Table S2. The experimental results do not allow
us to use DSC to determine the Ty, of all our mixtures. Therefore,
we resolved to also use two other approaches (see the experimen-
tal section).

The concept of “deep” still does not have a largely agreed defi-
nition in the DES literature. In the pioneering paper by Abbott, the
1:2 ChCl:urea mixture was defined as “deep” being liquid even at
temperature lower than RT (i.e., 285 K) and having the eutectic a
AT, higher than 100 K compared to the precursor with the lowest
Tm. The RT limit could, however, be highly misleading, though of
high practical usefulness. In order to avoid any dependence on a
single precursor, we defined the T, depression values as the differ-
ence between the ideal melting temperature of the mixtures,
defined from thermodynamics (see equation S1) [34,35].

After the initial investigation reported above, both 1-OH and 1-
OH-2-M confirm their DES nature. On the other hand, 1,3,5-OH
does not even melt at the highest operating temperatures
(T > 353 K). Therefore, these two extremes will be considered as
references for DES and not-DES systems in the following analyses.
Other mixtures, for example 1,2-OH, present intermediate beha-
viour that should be further investigated before drawing any
conclusion.

2.2. Small/Wide angle X-ray scattering (S-WAXS) analyses.

To shed more light on the structure of the obtained mixtures,
we resolved to temperature-dependent S-WAXS measurements.
X-ray patterns were recorded for all but two mixtures, namely
1,2,4-0H and 1,3,5-0H. The latter, being solid even at high temper-
ature, makes the filling of the capillary impossible. Also, 1,2,4-OH
could not be inserted into the capillary since it immediately solid-
ifies in contact with the glass walls causing its implosion. Among
the seven experimental profiles reported (Fig. 2), five cases (1-
OH, 1-OH-2-M, 1,2-0H, 1,3-OH and 1,2,3-OH) show the typical
behaviour observed in most liquid samples that is characterized
by large oscillations after a most prominent (main or “adjacency”
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Fig. 2. Temperature dependent I(q). 283 K (blue); 303 K (red); 323 K (green); 343 K
(brown); 363 K (cyan). The panel indexed with a star shows the comparison
between different samples at 303 K. 1-OH (blue); 1,4-OH (red); 1,2,3-OH (green);
1,3-OH (brown); 1-OH-2-M (cyan); 1,2-OH-3-M (yellow); 1,2-OH (dark green).
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[36]) peak, mainly originated by intermolecular correlations. This
peak position for the samples liquid at RT, along with the corre-
sponding characteristic distance, are reported in Table S3. Except
for 1,2-0H, all the systems show a very similar peak position, indi-
cating comparable first solvation shells, which could be expected
since all the mixtures contain similar molecules. The exceptional
low q value for the main peak of 1,2-OH is probably linked to the
hydrogen bonding sites being in the ortho position, inducing a
more compact packing of the surrounding molecules.

The peak width(s) is related to the large number of different
local structural arrangements overlying such an average correla-
tion. In four cases (1-OH, 1-OH-2-M, 1,2-OH and 1,2,3-OH), an
additional low-intensity feature is visible in the patterns around
0.3 A~1, more clearly defined in 1-OH, 1-OH-2-M and 1,2-OH. This
peak, often termed as “First Sharp Diffraction Peak” (FSDP) or pre-
peak, is typically linked to the establishment of intermediate-range
order in the bulk. Its observation has been related to different long
range structural motifs, ranging from the self-segregated domains
of different charge/polarity [37] in ILs [38] and molecular liquids
[39] to other kinds of mesoscale aggregation or network formation
[40,41], as in some inorganic glasses [42]. In two samples (1,2-OH-
3-M and 1,4-OH), that are solid at RT, the measured patterns are
quite different and show a crystalline powder-like aspect, with a
higher amorphous phase content in 1,4-OH, where the crystalline
peaks emerge from the underlying continuous envelope. The prin-
cipal peak observed in the liquid systems could be regarded as
resulting from the “melting” of the crystal peaks underneath
[43]. The putative conversion of some crystal peaks into pre-peak
is less straightforward and could be hypothesized for 1,4-OH only,
since no pre-peak is visible in 1,2-OH-3-M, at least at 363 K, the
highest temperature investigated; the peaks visible around
0.7 A~' in 1,4-OH appear too far from the reciprocal distance of
the pre-peak, and this points to a different structural arrangement
in the solid than in the liquid.

Concerning the temperature dependency of the structure, the
five RT-DES show the usual and expected behaviour for both the
main peak and the pre-peak (when present), i.e.,, a marked shifting
toward smaller q values with increasing temperature. This is sim-
ply because of the volume expansion induced by the heating pro-
cess. However, the two samples solid at RT depict a more
complex scenario. While 1,2-OH-3-M never melts completely, as
witnessed by the presence of Bragg peaks even at the highest
explored temperature, 1,4-OH is a proper liquid at 343 K. Very
interestingly, this sample develops the pre-peak once liquified,
even if no crystalline peaks were observed in the solid phase at that
q region. Further investigation on this peculiar phenomenon is
required, and it will be discussed in a future work.

2.3. S-WAXS-steered molecular dynamics as a diagnostic tool.

Once we collected a solid dataset of experimental data, we took
advantage of computational tools, simulating the systems and
extracting the corresponding structure factors [44,45]. The com-
parison between experimental (dashed lines) and computed (solid
lines) patterns is shown in Figure S3, in the 0.2-5 A~' range. The
good agreement between the experimental and the computed
structure factors (S(q)) proves the accurate description that classi-
cal MD can provide for DESs [20,46], validating our following anal-
yses. The only disagreement can be noticed in the overestimation
of the pre-peak at low q, signalling that the simulated system is
too ordered at a mesoscopic level compared to the real mixture.

A powerful feature of the structure factors derived from simula-
tions is the possibility of decomposing them into contributions
coming from atomic subsets. This is, on the contrary, impossible
when dealing with experimental X-ray patterns. In Fig. 3, the con-
tributions given by the HBD moieties alone to the computed S(q)s
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Fig. 3. S(q) contribution of HBD-HBD interactions to the total S(q). In the inset, the
region 0.75-2.2 A~' is reported to evidence the intermolecular structural contri-
butions that give origin to the main peak of the structure factor. In the inset, curves
are vertically shifted for sake of clarity.

are shown in the range 0.025-4 A~'. The latter threshold corre-
sponds to about 1.6 A in real space, whereas 0.025 A~' limit is
imposed by the size of the simulation cell. We resolved to employ
the “atomic” S(q) structure factor instead of I(q) (connected by the
relation 1(q)/3 i(x*f;)?) because the normalization of the former by
the self-scattering term constitutes a clear advantage when com-
paring functions referred to systems with different “electronic”
content, such as the ones hereafter discussed, by permitting to only
focus on the structural contributions [47].

The most interesting region (inset of Fig. 3) is located between
0.75 and 2.2 A~! (corresponding, in direct space, to a 2.9-8 A range)
and contains the intermolecular structural contributions that give
origin to the main peak of the structure factor [36]. Significant dif-
ferences exist in this region between the structure factors of the
nine mixtures, and it can be observed that, with some exceptions,
the position of the peak roughly relates to the degree of substitu-
tion of the aromatic ring of the HBDs. Since, as previously dis-
cussed, the formation of the DES can be undoubtedly asserted for
1-0OH, 1-OH-2-M, (and ruled out for 1,3,5-OH), a main peak shifted
to the left can be proposed as a clue for predicting this. A further
corroboration to this finding comes from the inspection of the
computed S(q) of 1,2,3-OH: even though this phenol is highly func-
tionalized, its main peak is shifted to the left, and the experiments
indeed show that its mixture with ChCl melts after gentle heating.

The partial structure factors generated by the other components
of the mixture (i.e., choline and chloride) and the contributions
coming from the three possible pairs of the moieties (i.e., HBD-
choline, HBD-chloride and choline-chloride) are reported in
Figure S4.

The most noticeable feature observed in the plots is the relevant
contribution to the pre-peak (when present) coming from the cho-
line and mixed choline-chloride partial structure factors. This evi-
dence perfectly correlates with the findings already reported by
some of us [20], in which a moderate persistence of the ChCl elec-
trostatic interaction played a pivotal role in the stabilization of the
DES. Having identified the pre-peak as a structural feature typical
of the mixtures forming a DES, this finding shows the importance
of the long-range ordering imposed by ChCl.

Aiming at disclosing the nature of the investigated mixtures, we
resolved to investigate RDFs (or g(r)s): this is a powerful tool for

inspecting the structure of a system and calculating the coordina-
tion number of a given atom type. To compare RDFs from different
systems and avoid artefacts coming from the different densities of
the simulation boxes, we multiplied them by the number density
of the observed system [48,49]. So, strictly speaking, the displayed
RDFs are (g(r)-p)s. RDFs between the centres of the aromatic ring
(COR) of HBDs and the centres of mass (COM) of choline molecules,
HBD-HBD RDF and Ch*-Ch* RDF, are depicted in Figure S5-S10 and
thoroughly discussed in the Supporting Information. To shed light
on the distinct hydrogen-bond network, we performed an RDF
analysis of the Oygp---Cl™ interaction to gain information about
the mixing (or, conversely, the segregation) of DES components.
RDFs and first peak integrals for Oypp---Cl” pair are shown in the left
and right upper panels of Fig. 4, respectively. Independently of the
nature of the HBD, all mixtures presented a peak centred at 2.7-
2.9 A, which is compatible with the typical hydrogen bonds involv-
ing halide anions [50]. For 1-OH and 1-OH-2-M, integral values
quite close to one are observed.

The latter decreases for di-hydroxyl (0.8-0.6) and tri-hydroxyl
(0.6-0.4) substituted HBDs. Furthermore, a dependence on the
position of the additional hydroxyl moiety(ies) could also be
noticed, with ortho- substituents more strongly coordinating than
para- and meta- ones. This effect is ascribable to the rigidity of the
aromatic ring that almost completely prevents different hydroxyl
groups (of the same ring) from coordinating the same chloride
ion, except for ortho-substituted HBDs (Figure S11). Since Oygp-
--Cl" bonding is supposed to be at the basis of the DES formation,
it would be significant to correlate the calculated integral value
with other experimental evidence (vide infra).

As already experimentally proven for other DESs, the partial
preservation of N¢p--Cl™ interaction (bottom left panel of Fig. 4)
could be helpful in the mixture stabilization [22]. Two peaks can
be appreciated: the former and more intense is located at a dis-
tance slightly longer than 4 A. The latter, instead, lies before 6 A.
The use of molecular mechanics’ models (Figure S12-S13) permit-
ted to connect the first peak to both N¢y---Cl” and Ocy--Cl™ interac-
tions. Such a conclusion is strengthened by the presence of a
shoulder on the right of the main peak in almost all cases, probably
connected to the chloride ions interacting with the alcoholic
hydrogen. One should note that these interactions could take place
in DES, as well as in salt-in-solvent mixtures. On the other hand,
the peak located slightly before 6 A could not be easily rationalized
using the simple molecular mechanics’ models previously
employed. The inspection of a few frames from the MD trajectories
(Figure S14) revealed that such a relatively long-distance correla-
tion between the oppositely charged Cl- and N* could only be real-
ized owing to the presence of a considerable number of alcoholic
groups from several residues lying in between. This intuition is
corroborated by the inspection of the changes in the RDF when
varying the degree of substitution of the aromatic ring: the inten-
sity of the first peak is roughly inversely proportional to that of the
second one when going from 1-OH to 1,3,5-OH.

Finally, the intermolecular Oygp---Oygp RDFs were calculated
(lower right panel of Fig. 4). By focusing on the short-range part,
two peaks can be generally observed: the first, at about 3 A, can
be associated with a direct hydrogen bond between two HBDs.
The intensity of this peak could be inversely related to the forma-
tion of a DES, being the eutectic mixture characterized by the pres-
ence of hydroxyl moieties (almost) utterly involved in the
coordination (i.e., stabilization) of the CI" more than in homologous
interaction. As a rule of thumb, it could be reasonably expected
that a DES could be formed when Oypp---Cl™---Oyxpp interactions
are favoured over Oypp---Oypp Ones. From this assumption, it seems
evident that in 1,2,4-OH and 1,2,5-OH, the HBD-HBD interactions
still play a relevant role, likely preventing the DES formation. A
fainter (1-OH-2-M and 1,2-OH-3-M) or absent (1-OH and 1,2-
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Fig. 4. Top left: Oypp--Cl” radial distribution function. Top right: first peak integral of Oypp--Cl” radial distribution function - . Bottom left: Ch-N*--Cl" radial distribution
function. Bottom right: Oypp---Oypp radial distribution function. The RDFs are vertically shifted for the sake of clarity.

OH) peak accounts for reduced (or absent) interactions, whereas a
peak shifted toward longer distances is ascribable to slackened
ones. Additionally, the presence of a methyl substituent could par-
tially prevent the packing of the HBD molecules due to steric hin-
drance. The second peak, located around 5 A, has been interpreted,
with the help of the CDFs correlating Cl---HBD COR distance and the
angle HBDcor-Cl-HBD’cor (Figure S7) and the visual inspection of a
few trajectory frames, as a structure having a chloride ion acting as
an almost linear bridge between two alcoholic groups. Other inter-
pretations, such as m-m stacking phenomena, could not be com-
pletely ruled out.

2.4. Correlation between melting temperature depletion and computed
RDF integral

Very interestingly, the values of the freezing-point depression
of different DESs (listed in Table S2) correlate remarkably well
with the value of the integral of the Oygp---Cl” interaction (Fig. 4,
top right frame), if the Ty, depression for 1,3-OH is excluded. This
correlation is shown in the upper panel of Fig. 5. Indeed, the higher
the coordination number Cy, the higher the ATy, (i.e., the “deepest”
the eutectic mixture). More precisely, a linear dependence could be
extracted obeying the following equation: ATy, = a + k Cy, in which
AT, is the average between the freezing-point depressions mea-
sured with the different (available) approaches, Cy is the coordina-
tion number of CI", k (>0) is the proportionality constant and a is
the intercept of the model. Notwithstanding the remarkable corre-
lation found, we decided to further validate the model by exploit-
ing Raman spectroscopy. In fact, this technique allowed us to select
some paramount vibrational modes that would be sizeably
affected by the potential formation of a DES mixture and to follow
their evolution in the investigated systems: this because frequen-
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e 1-OH-2-M 1,3-OH o 1,2,4-OH
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Fig. 5. Correlation between Oypp--Cl™ interaction and AT, of mixtures (upper
panel) and ratio of integrated areas of Raman peaks (lower panel). The AT, values
obtained from DSC measurement are plotted using stars, those obtained from
thermometer measurements using squares and those obtained from capillary tube
measurements using circles (see experimental section for details on the three
methods). Dotted line in upper panel is the result of the interpolation; solid line in
the lower panel corresponds to the bisector of the first quadrant and it should be
understood as a guide for the readers’ eye.

cies associated to vibrational modes of a molecule can be strongly
affected just by the local environment, as it is the case for CO, N,
and H, probe molecules widely adopted for surfaces characteriza-
tion [51].
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When case system 1-OH is concerned, the above assumption is
strongly corroborated by the comparison of Raman spectrum
recorded on its solid form (close packed molecules forming OH" -
OH chains) with data coming from literature and obtained in the
gas phase (isolated molecule) [52]: as it can be seen, ncoy under-
goes a significant red-shift on passing from the gas phase (dotted
black line in Figure S15) to the solid one (solid blue line in Fig-
ure S15). The trend is also supported by Raman spectra computed
at DFT level on isolated phenol and on its trimers.

Therefore, Raman spectra of 3:1 mixtures have been collected
and compared to the ones of the precursors (both HBDs and ChCl)
as reported in Figure S16. From the inspection of the latter, it is
quite clear that the spectra of the mixtures cannot be simply attrib-
uted to a mechanical mixing of the two components in the proper
stoichiometric ratio. Moreover, some remarkable changes could be
detected in the band located in regions nearby 1050 (dcy), 1250
(ncon) and 1620 cm™! (ncc), respectively (see Figure S15 for a
graphical representation), where new contributions arise following
on from the (partial) formation of the DES (Figure S17). The decon-
volution of the bands allows separating the contribution of the
pristine interaction (already present in the solid HBDs) and the
ones arising from the DES formation. The ratio between the inte-
grated areas could provide a fair indication of the formation degree
for each system, and a noteworthy correlation with the value of the
integral of the Oypp---Cl” interaction is shown in the lower panel of
Fig. 5. For sake of truth, it should be pointed out that the position of
the HB-like interaction band is invariant when partially formed
system are investigated whereas it could vary (<5 cm~!) when pure
DES are investigated. This is likely due to the severe modification of
the chemical environment experimented by the precursors result-
ing from the formation of the eutectic mixture. The found correla-
tion further stresses that the Oppp-- ClI° interaction and its
magnitude underlie the DES formation, being Cy = 0.7 an empirical
threshold for the obtainment of liquid DESs at RT. The latter corre-
spond to a AT, equal to 75 K that could be considered as the min-
imal melting point depression to consider a system as a DES.

We questioned the generality of our approach towards a larger
set of DES not based on phenol-like precursors, thus we made the
same analyses for a set of commonly studied deep eutectic sol-
vents. We considered the systems obtained by mixing choline
chloride with either urea, ethylene glycol or malonic acid, at two
different HBD:HBA ratios, namely the eutectic composition (as
reported in the literature) and one far from the eutectic point. This
selection allows us to prove, at first, the proposed method with
systems with different HBDs (i.e., amides, aliphatic alcohols, and
carboxylic acids). Our simulations found that all DES composition
have an Oypp---Cl- 1st peak integral falling at values > 0.7, whereas
for the non-eutectic composition the 1°* peak integral was much
lower than the threshold (see Table S5 and Figure S18). To further
widen the applicability of the proposed model (ruling out the
mandatory presence of CI’, e.g., type-V DES) and established that
the solvation energy of the HBA is the driving factor for the DES
stabilization, we speculate that extracting this energy value from
the simulation could return a system-independent threshold indi-
cating the DES formation. Such an approach will be exploited in a
forthcoming work.

3. Conclusion

Throughout this paper, we characterize nine different mixtures
composed of phenols and choline chloride with a fixed 3:1 molar
ratio, aiming at discriminating whether the formation of a DES
occurs. The multi-technique approach proposed, based on thermal
and spectroscopic measurements, allows us to undoubtedly cate-
gorize 1-OH, 1-OH-2-M and 1,2-OH as DES and 1,3,5-OH as a sim-

ple mixture of precursors. Once a reliable dataset of experimental
results was obtained, we resolved to some computational studies
(i.e. RDFs) to individuate specific features that could help in the a
priori prediction of the formation of a DES, paving the way to a
more thoughtful and efficient design of new systems. A series of
pieces of evidence has been identified as a green light for the
DES formation: (i) the presence of the pre-peak at 0.3 A, slightly
overestimated in the simulation, accounting for a long-range
order; (ii) the shift of the main peak of the partial HBD structure
factor to low q values; (iii) the partial persistence of the Ch*.--CI
interaction, leading to a homogeneous structuration; (iv) a high
value (close to 1) of the integral of the Oypp-Cl interaction, high-
lighting the importance of the anion stabilization due to the hydro-
gen bond networking. To further correlate experimental and
computed data, we found an almost perfect linear correlation
between the AT,, and the Oygp---Cl™ interaction: a value of 0.7 is
a threshold for the mixture to be categorized as a DES at RT. These
noteworthy results make us confident that a well-tuned simulation
method, where the force field used to calculate the energetics of
the system is thoroughly validated with structural data (diffraction
patterns) coupled with quite unexpensive (RDFs) trajectory post-
processing analyses, can be used as a powerful tool to predict the
formation and to investigate the structure of a DES mixture com-
prehensively. Indeed, we are firmly convinced that the approach
used in this paper for a specific series of phenols could be fairly
transposed to a more extensive set of DESs, as proved by some
experimental and computed data for some common ChCl-based
DESs.

Materials and Methods

All the experimental and computational details with related ref-
erence and discussion can be found in the Supporting Information.
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